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INTRODUCTION 


The  classical  period  in  the  development  of  physic*  Is 
considered  to  have  ended  about  1900  A.  D.  The  outstanding 
achievements  of  the  century  then  closing  were  the  kinetic 
theory  of  heat,  the  wave  theory  of  light,  the  electromag- 
netic theory  of  matter,  the  discovery  and  application  of 
the  phenomena  of  electromagnetlsm,  and  the  beginning  of  the 
quantum  theory.   Numerous  assumptions,  hypotheses,  and 
theories  were  offered  at  that  time  to  explain  the  phenomena 
involved,  many  of  them  being  philosophical  in  character  and 
largely  unsupported  by  experimental  evidence.   During  that 
period  the  existence  of  the  electron  was  unknown;  there- 
fore, it  could  not  contribute  to  an  understanding  of  ob- 
serve phenomena.   There  was  no  single  basis  of  broad  in- 
terpretation (15). 

In  1895  X-rays  were  discovered,  followed  by  the  dis- 
covery of  radioactivity  In  1896  and  the  photo-electric 
effect  in  1897.  These  could  not  be  explained  in  terms  of 
classical  theories.  They  were  revolutionary, and  served  to 
explode  the  prevalent  belief  that  physical  discoveries  were 
completed  find  the  facts  all  known.  They  opened  up  a  new 
and  very  fruitful  field  of  Investigation.  The  clue  to  the 
mystery  was  found  in  1897  with  the  discovery  of  the  elec- 


tron,  which,  since  that  time,  has  figured  very  prominently 
In  the  development  of  modern  physics  (12) (16).   It  Is  with 
a  phase  of  this  transition  period,  during  which  old  Ideas 
ere  being  Interpreted  In  new  terms  and  new  concepts,  that 
this  thesis  proposes  to  deal. 

Two  distinct  methods  of  introducing  into  elementary 
physics  explanations  based  on  the  electron  theory  are  In 
use  at  present.   (1)  Placing  a  few  brief  statements  con- 
cerning ti\e  physics  of  the  electron  In  an  appendix  to  an 
otherwise  classical  treatment;  (S)  Interspersing  modern  con- 
cepts throughout  the  text  as  occasion  seems  to  demand.   In 
the  first  arrangement  the  amount  of  electron  physics  Is  In- 
adequate, and,  in  the  second,  too  scattered,  to  enable  the 
student  to  modernize  bis  ideas  of  physical  phenomena. 
Therefore  It  is  considered  advisable  first  to  present  the 
most  important  laws,  principles,  and  units  pertaining  to 
elementary  electricity  and  magnetism  in  a  representative 
classical  manner,  and  then  to  restate  them  in  terms  of  the 
electron  theory,  In  the  hope  that  such  a  study  will  con- 
tribute to  the  modernization  and  integration  of  these  por- 
tions of  college  physics. 

To  that  end  the  literature  of  electricity  and  magnetl 
has  been  searched,  Including  many  original  papers  contribut- 
ed by  leading  scientists  In  this  field  since  1600  as  well  as 
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the  works  of  today's  highest  authorities.  Those  concepts, 
originating  in  the  classical  period,  which  are  capable  of 
electron  interpretation,  have  received  special  attention, 
while  a  few  others,  later  In  origin,  have  been  Included, 
especially  where  the  new  was  found  to  aid  In  explaining  the 
old. 

References  are  given  to  prominent  sources,  where  avail- 
able.  It  is  impossible,  however,  to  make  acknowledgments 
In  every  case  since  in  the  great  mass  of  classical  and  con- 
temporary literature,  early  ideas  have  been  so  disseminated 
as  to  become  common  property. 

ELECTROSTATIC? 

Foreword 

Electrostatics  is  the  science  of  electricity  at  rest. 
It  Is  the  oldest  branch  of  electrical  science,  the  first 
records  being  found  among  the  writings  of  the  early  Greeks 
who  had  learned  that  amber  and  a  few  other  substances,  when 
rubbed,  acquired  an  attraction  for  light  objects.  The 
assumption  was  made  that  amber  possessed  a  specie),  "soul" 
and  was  considered  so  mysterious  that  further  Investigation 
was  largely  neglected  until  about  1600,  when  Gilbert  dis- 
covered that  many  substances  could  be  electrified  by  fric- 
tion (12).   His  accounts  aroused  considerable  interest 


and  during  the  next  two  hundred  years  many  of  the  phenomena 
concerning  stationary  electric  charges  were  worked  out, 
along  with  speculations  regarding  the  nature  of  electricity 
and  certain  hypotheses  attempting  to  explain  it.   These 
speculations  and  hypotheses  will  be  discussed  first,  fol- 
lowed by  the  more  modern  electron  explanations. 

Methods  of  Electrification 

Electrification  b?  Friction.   Let  a  hard  rubber  rod  be 
electrified  by  rubbing  with  cat's  fur  or  flannel  and  then 
suspended  by  an  insulating  silk  thread.   If  a  second  rubber 
rod  is  also  electrified  in  the  same  way  and  brought  near  the 
first,  they  will  repel  each  other  (10).   In  a  similar  man- 
mer,  if  two  glass  rods  are  electrified  by  being  rubbed 
with  silk,  they  will  mutually  repel  (7) (14). 

On  the  other  hand,  if  a  rubber  rod  and  a  glass  rod, 
electrified  as  above,  are  brought  near  each  other,  the  two 
will  attract.   Also  the  silk  cloth,  with  which  the  glass 
rods  were  rubbed,  will  repel  the  charged  rubber  rod,  and 
the  flannel,  with  which  the  rubber  rod  was  rubbed,  will  re- 
pel the  electrified  glass  rod  (11). 

Prom  these  experimental  phenomena  the  following  ob- 
servations may  be  made: 

a.  There  are  two  states  of  electrification  (5).  The 


one  produced  on  glass  and  other  vitreous  substances  by  fric- 
tion with  silk  was  arbitrarily  naiaed  positive.  The  other, 
called  negative,  is  found  on  sealing  wax,  rubber,  and  sim- 
ilar resinous  materials  when  rubbed  with  flannel. 

b.  Bodies  with  like  charges  repel  each  other,  while 
those  with  unlike  charges  attract.  This  fundamental  law 
was  discovered  by  Du  Fay  about  1733  (3) (12). 

By  other  means,  to  be  discussed  later,  it  has  been 
shown  that: 

c.  VVhen  a  charge  of  one  kind  is  produced,  an  equal 
and  opposite  charge  is  produced  at  the  same  time;  that  is, 
substances  rubbed  together  become  oppositely  and  equally 
electrified. 

d.  Mechanical  energy  is  expended  in  producing  elec- 
trification. 

e.  when  a  positive  charge  disappears,  an  equal  nega- 
tive charge  also  disappears.  Opposite  charges  neutralise 
each  other. 

f.  The  force  between  two  small  charged  bodies  varies 
directly  as  the  product  of  their  charges  and  inversely  as 
the  square  of  the  distance  between  them.  It  also  varies 
with  the  nature  of  the  separating  medium. 

g.  Charges  are  always  multiples  of  an  elementary  unit 
charge  (e)  taken  a  whole  number  of  times. 


Electrification  "by  Induction.   Lot  any  insulated  con- 
ductor having  no  charge,  such  as  B  in  Figure  1,  bo  ap- 
proached by  a  charged  body  A.   Immed lately  B  will  exhibit  a 
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Figure  1 
charged  condition,  regardless  of  the  intervening  medlu». 
It  Is  said  to  be  charged  by  induction  and  the  charge  on  B 
is  called  an  indueod  charge  (6).   If  A  ia  removed,  B  will 
lose  the  charge  and  return  to  its  original  state  (11) (14). 

If  either  of  the  bodies,  one  being  charged  and  the 
other  uncharged,  is  suspended  by  a  silk  thread  so  It  is  free 
to  move,  It  will  display  attraction  when  the  other  body  ia 
brought  near  (9).   If  B  is  grounded  while  in  the  condition 
shown  in  Figure  1  by  connecting  it  to  earth  by  a  wire  or 
by  touching  it  with  the  hand,  the  positive  charge  disap- 
pears and  the  negative  charge  is  supplied  by  a  flow  of  elec- 
trons from  the  earth.  'When  A  and  the  ground  are  removed, 
the  negative  charge  distributes  itself  uniformly  over  the 
surface  of  B. 

Investigationa  with  proof  plane  and  electroscope  will 
reveal  that: 

a.  The  end  of  B  nearer  A  will  carry  a  charge  opposite 


in  sign  to  that  on  A,  while  the  farther  charge  will  be  of 
the  same  sign  as  the  A  charge.   Attraction  will  occur  be- 
tween bodies  A  and  B  because  the  negative  charge  on  B  is 
closer  to  A  than  the  positive  charge.   It  will  be  shown 
later  that  the  force  between  charges  varies  as  the  square 
of  the  distance. 

b.  Mo  electricity  passes  between  A  and  B  in  either 
direction.  They  are  separated  by  a  dielectric,  or  insulat- 
or. 

c.  The  two  opposite  charges  on  B  are  equal.   This  may 
be  proved  by  using  two  conductors,  B  and  C,  placed  In  con- 
tact as  in  Figure  2.  When  a  negatively  charged  body  A  is 
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Figure  2 


brought  near,  the  charge  developed  on  B  is  found  to  be 
positive  and  on  C  negative.   If  B  and  C  are  now  separated 
and  A  is  removed,  the  charges  remaining  on  B  and  C  will 
prove  to  be  opposite.  That  they  are  also  equal  may  be 
shown  by  their  complete  neutralization  when  B  and  C  are 
again  placed  in  contact. 

d.  The  distribution  of  charge  on  a  body  is  influenced 


by  neighboring  charged  bodies  and  by  the  medium  separating 

then. 

Electrification  bv  Conduction.   If  a  wire  tied  to  the 

knob  of  a  gold-leaf  electroscope  and  insulated  from  other 
conducting  materials  Is  touched  by  a  charged  body,  such  as 
an  electrified  rod  of  sealing  wax,  the  leaves  of  the  elec- 
troscope quickly  diverge.  If  the  wire  is  replaced  by  a  dry 
silk  thread  and  the  process  is  repeated,  the  leaves  do  not 
diverge  but  remain  retracted. 

Ey  extending  this  experiment  to  all  known  substances 
the  following  observations  have  been  made: 

a.  Many  substances, known  as  conductors,  readily  per- 
mit the  passage  of  electricity  (6).  A  charge  spreads  all 
over  the  surface  of  the  conductor  touched  and  is  trans- 
it, ttea  to  any  other  body  that  may  be  in  contact  (14).  The 
metals  and  the  solutions  of  most  salts  in  water  are  the 
best  conductors  (7) (11). 

b.  Other  substances,  called  non-conductors  or  insu- 
lators, do  not  permit  the  passage  of  electricity.  The 
charge  does  not  distribute  itself  over  the  body  but  remains 
In  the  neighborhood  of  the  spot  where  electrification  oc- 
curs. There  is  no  sharp  line  of  demarcation  between  con- 
ductors and  Insulators.   Some  materials  even  change  from 
one  class  to  the  other  when  conditions  change  (9). 


ICAL  TiirOKI  -RIFICATIOH 


Before  the  discovery  of  the  electron  about  1895  and 
the  subsequent  formulation  of  the  electron  theory,  a  number 
of  theories  on  electrification  had  been  offered.  Although 
partially  successful  in  explaining  observed  phenomena,  they 
were  basec  largely  on  conjecture  unsupported  by  rigid  ex- 
perimental proof.  All  failed  in  one  or  more  respects.  The 
most  prominent  classical  theories  will  be  briefly  reviewed. 

The  One-Fluid  Theory.  Franklin  assumed  that  all 
matter  contained  a  single  "positive"  fluid  which  could  pen- 
etrate any  conductor  but  accumulated  only  on  the  surface  of 
insulators  (12) (17).  Matter  took  the  place  of  the  negative 
fluid  and  the  particles  of  matter  and  of  the  fluid  were 
self-repellent,  but  mutually  attracting  (13).  Uncharged 
bodies  contained  a  normal  amount  of  the  fluid,  such  that 
the  attraction  of  matter  for  fluid  outside  the  body  Just 
balanced  repulsion  due  to  the  contained  fluid.  A  body  was 
plus,  or  positively,  charged  if  It  contained  an  excess  of 
the  fluid,  and  minus,  or  negatively,  charged  if  it  con- 
tained less  than  normal.  Glass  became  electrified  by  fric- 
tion because  In  being  expanded  by  the  heat  it  took  up  more 
than  its  share  of  the  fluid,  which  it  gave  up  again  on  cool- 
ing. The  theory  held  that  conductors  could  take  up  any 
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amount  of  the  fluid  and  store  It  throughout  their  substance, 
while  Insulators  could  only  store  It  on  their  surfaces. 
Each  portion  of  the  electric  fluid  was  supposed,  for  rea- 
sons unknown,  to  repel  every  other  portion  directly  (5). 

This  theory  explained  quite  well  how  opposite  charges 
neutralise  each  other  and  why  a  negative  charge  cannot  be 
developed  without  at  the  same  time  producing  an  equal,  posi- 
tive charge.   It  failed  to  explain  the  fundamental  differ- 
ence between  insulators  and  conductors,  and  succeeded 
poorly  in  explaining  both  frictlonal  electrification  and 
eharging  by  Induction.   It  was  not  universally  adopted. 

One  direct  and  important  result  of  this  theory  was 
Franklin's  suggestion  of  the  terms  "positive"  and  "negative" 
to  designate  the  kinds  of  charges,  Instead  of  "vitreous" 
and  "resinous"  in  previous  use  (13).  This  improvement  in 
terminology  was  generally  adopted  and  still  persists.  How- 
ever, the  assumptions  made  In  the  application  of  the  terns 
was  most  unfortunate.   "Positive"  was  arbitrarily  and  with- 
out experimental  proof  taken  to  mean  an  excess  of  the  elec- 
tric fluid,  and  "negative"  a  deficiency.  Thus  the  fluid 
was  believed  to  flow  from  positive  to  negative,  and,  before 
the  mistake  was  discovered,  one  hundred  fifty  years  of  pro- 
lific electrical  development  in  both  scientific  and  commer- 
cial lines  had  established  many  of  the  laws  of  current  flow 


and  the  rules  of  practical  application.  Had  the  interpreta- 
tion of  the  terms  been  reversed  from  the  beginning,  the 
present  confusion  in  the  conception  of  current  direction 
would  have  been  avoided. 

The  Two-Fluid  Theory.  This  is  credited  to  Du  Pay  (3). 
He  postulated  two  distinct  kinds  of  electricity,  calling 
then  "vitreous"  and  "resinous"  (13).  Both  were  indestruct- 
ible.  An  uncharged  body  contained  equal  quantities  of  the 
two  fluids,  while  a  charged  body  contained  an  excess  of  one 
or  the  other  (6) (13).  Vitreous  electricity  waB  the  kind 
found  in  glass,  rock  crystal,  precious  stones,  hair  of 
animals,  and  many  other  bodies.  Resinous  electricity  oc- 
curred on  amber,  copal,  gum-lac,  silk,  paper,  and  a  large 
number  of  other  materials  (12). 

The  fluids,  which  were  considered  imponderable  sub- 
stances, were  communicated  in  some  unexplained  way  to  these 
bodies  by  the  process  of  electrification,  and  the  sub- 
stances, on  account  of  their  power  of  "action  at  a  dis- 
tance", were  the  cause  of  the  mechanical  force  observed  be- 
tween electrified  bodies  (14). 

This  theory  seemed  to  explain  many  of  the  simple  phe- 
nomena of  electrification  and  was  quite  generally  accepted 
up  to  the  advent  of  the  electron  theory,  although,  like  the 
one-fluid  theory,  it  was  unsatisfactory  on  Induction,  the 


effect  of  the  dielectric  on  the  behavior  of  charges,  and 
the  distinction  between  conductors  and  Insulators. 

The  Ether-Strain  Theory.   Faraday  believed  that  elec- 
trical forces  were  communicated  by  the  Insulating  medium 
which  separated  electrified  bodies,  and  was  able  to  show 
that  while  the  force  between  two  charged  conductors  does  not 
depend  on  the  material  used,  or  whether  they  are  solid  or 
hollow,  It  does  depend  on  the  nature  of  the  dielectric. 
This  has  been  called  the  "ether-strain"  theory  of  classical 
times  (12)  (13). 

Faraday  found  It  convenient  to  represent  the  field  of 
force  about  a  charged  body  by  elastic  lines  which  he  called 
"lines  of  force"  (6).  These  lines  indicated  the  direction 
and  magnitude  of  the  forces  between  charges.  They  extended 
from  the  surface  of  a  positively  charged  body  to  some  sur- 
face negatively  charged  and  were  rigidly  attached  to  those 
surfaces.   If  the  charges  became  neutralized,  the  lines  of 
force  disappeared.  Attraction  and  repulsion  were  explained 
by  assuming  that  the  lines  of  force  tended  to  contract 
lengthwise,  thus  pulling  unlike  charges  together,  and  re- 
pelled each  other  laterally,  pushing  like  charges  apart. 
Although  the  ether-strain  theory,  as  such,  is  now  dis- 
credited, Faraday's  conception  of  "lines  of  force"  is  still 
used  by  many  writers  to  illustrate  the  properties  of  the 


fields  of  force  surrounding  electrified  and  magnetized 
bodies. 

By  considering  chiefly  what  happened  In  the  medium  be- 
tween bodies  rather  than  within  the  bodies  themselves,  Fara- 
day explainer  the  phenomena  of  electrostatic  induction  but 
failed  on  conduction.  Maxwell  later  incorporated  Faraday's 
ideas  into  his  electromagnetic  theory.  The  two  theories, 
together  with  certain  fundamental  discoveries  made  by  Fara- 
day and  others,  led  directly  to  the  electron  theory  and 
have  been  largely  Included  In  It. 

THE  ELECTRON  THEORY  OF  ELF.CTRIFICATIOI 


The  electron  theory  offers  the  most  complete  and  sat- 
isfactory explanation  of  electrical  phenomena  ever  formu- 
lated.  It  does  not  invalidate  the  experimental  facts  of 
classical  physics  but  serves  to  explain  those  facts  more 
minutely  and  to  integrate  the  several  divisions  or  branches 
of  physics  into  a  more  unified  whole. 

This  theory  holds  that  the  atoms  of  all  matter  are 
Made  up  of  positive  and  negative  charges  of  electricity  and 
nothing  else,  except  the  energy  associated  with  them  (10). 
According  to  Rutherford  and  Bohr,  a  model  atom  consists 
of  a  nucleus,  or  central  group  of  protons,  having  a 
ill  number  of  electrons  associated  with  it,  and  other 


electrons  revolving  In  circular  or  elliptical  orbits  about 
the  nucleus  (6).  All  the  atoms  of  any  one  element  are 
•like.  The  atoms  of  different  elements  vary  in  the  number 
and  arrangement  of  the  electrons  and  protons  in  their 
structure.  Each  electron  carries  a  certain  unvarying  nega- 
tive charge,  and  each  proton  an  equal  and  constant  positive 
charge.  In  a  normal  atom  electrons  and  protons  are  equal 
in  number,  so  the  atom  as  a  '■hole  is  neutral  (9).  The  elec- 
tron orbits  constitute  energy  levels  spaced  at  different 
distances  from  the  nucleus,  an  outer  orbit  containing  more 
energy  than  an  inner  one.  By  absorbing  energy  in  quanta, 
corresponding  to  the  difference  in  energy  between  levels, 
an  electron  may  jump  from  an  inner  orbit  to  one  farther 
out  (2).  If  it  absorbs  sufficient  energy  to  carry  it  en- 
tirely out  of  the  atom,  it  becomes  a  free  electron,  or 
negative  ion,  while  the  remainder  of  the  atom,  now  possess- 
ing an  unneutral! ze-  proton,  becomes  a  positive  ion.  Since 
this  may  happen  simultaneously  to  many  of  the  atoms  of  a 
body,  under  which  condition  the  free  electrons  are  usually 
transferred  to  remote  parts  or  removed  entirely,  the  body 
as  a  whole  exhibits  a  charge.  This  charge  is  positive  if 
the  body  is  deficient  in  electrons  and  negative  if  more 
than  the  normal  numbers  of  electrons  have  collected  on  it 
(10).  An  atom  that  contains  more  electrons  than  protons 
is  also  called  a  negative  Ion.  In  Figure  3  are  conventional 


Figure  3.  Charges  and  Their  Reactions.  The 
two  free  electrons,  or  negative  ions,  In  (1)  re- 
pel.  In  (2)  repulsion  1b  due  to  the  excess  of 
protons  In  each  atom.  The  free  electron  In  (3) 
Is  repelled  by  the  negative  Ion.   Atoms  with  an 
excess  of  electrons  repel,  as  shown  In  (4).   In  (5) 
the  attraction  of  a  positively  charged  atom  for  a 
free  electron  is  shown.   Neutral  atoms,  us  In  (6), 
weakly  attract  each  other  due  to  the  force  of 
gravity.   Gravitational  force  causes  neutral  atoms 
to  attract  free  electrons,  when  near,  as  In  (7), 
while  the  attraction  in  (8)  is  caused  by  the  un- 
like charges  of  the  atoms.   These  drawings  are 
conventional  and  are  not  intended  to  represent 
other  features  of  atoms  than  those  enumerated. 
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drawings  of  neutral  (normal)  atoms  and  positive  and  nega- 
tive ions  showing  the  unbalance  between  charges  and  the 
forces  resulting  therefrom. 

The  outer  electrons  of  many  kinds  of  atoms  are  not 
strongly  held  by  the  positive  charge  on  the  nucleus  and  a 
suitable  acquisition  of  energy  serves  to  displace  them,  or 
•ven  drive  them  from  the  atom  and  make  them  free  or  roaming. 
Energy  for  such  purposes  may  be  supplied  from  various 
sources,  among  them  being  friction,  electric  and  magnetic 
fields,  heat,  light,  electronic  Impact  and  chemical  action. 

Charging  by  Friction.  When  ebonite  is  rubbed  with 
fur  the  mechanical  energy  supplied  is  partly  expended  in 
removing  electrons  from  the  fur,  leaving  it  positive,  and 
depositing  them  on  the  ebonite,  making  it  negative  (8). 
Likewise,  glass,  when  rubbed  with  silk,  loses  electrons  to 
become  positive  in  charge,  while  the  silk  gains  them  to  be- 
come negative.   Since  the  electrons  lost  by  one  body  are 
the  same  as  those  gained  by  the  other,  positive  and  nega- 
tive charges  are  equal  (5). 

Attraction  and  Repulsion.  The  enormous  force  of  re- 
pulsion existing  between  free  electrons,  and  between  un- 
neutral! sed  protons,  explains  why  like  charges  repel,  while 
the  equally  great  attraction  of  electrons  and  protons  for 
each  other  accounts  for  the  behavior  of  opposite  charges. 


These  forces,  the  explanation  of  which  la  undetermined  at 
present,  are  equivalent  to  2.275  x  10*19  dynes  between  two 
electrons  one  centimeter  apart.  They  are  transmitted  by 
the  "electric  field",  which  is  a  field  of  radiant  energy 
replacing  the  ether  of  classical  physics.   Due  to  this 
field  and  within  its  bounds  all  electrical  action  takes 
place  (5). 

Displaced  or  mobile  electrons,  together  with  the  un- 
balanced energy  conditions  accompanying  them,  are  respon- 
sible for  electrical  phenomena  of  every  sort,  all  of  which 
are  collectively  expressed  in  popular  terminology  by  the 
one  word  "electricity". 

Charging  by  Induction.   In  this  process  use  is  made  of 
the  electric  forces  just  mentioned.  The  effect  of  an  ap- 
proaching positive  charge  such  as  exists  on  A,  Figure  2, 
upon  an  insulated  neutral  conductor,  BC,  is  to  attract 
electrons  to  the  nearer  end,  B,  creating  there  a  negative 
charge,  or  surplus  of  electrons,  and  leaving  at  the  farther 
end,  C,  s  number  of  positive  ions,  constituting  a  positive 
charge.   Since  electrons  have  not  been  taken  from  or  added 
to  BC,  the  charges  Induced  on  It  are  not  permanent  but  will 
merge  and  neutralise  when  A  is  removed  (9). 

If  the  body  BC  is  grounded,  or  touched  with  the  hand, 
while  a  charge  is  being  induced  upon  it  by  bringing  up  the 


positive  body  A,  the  electrons  necessary  to  establish  the 
negative  charge  at  B  will  not  be  drawn  from  the  distant 
atoms  at  C  but  from  the  earth.  No  internal  strain  will  be 
imposed  upon  the  atoms  of  PC  and  a  positive  charge  will  not 
appear.   If  the  ground  connection  and  the  positive  body  A 
are  now  removed,  the  electrons  fron  the  external  source  will 
spread  uniformly  over  the  surface  of  BC,  giving  it  a  nega- 
tive potential  throughout. 

Charging  by  induction  may  occur  only  If  the  body  is  a 
conductor  in  which  electrons  are  free  to  move  and  are  not 
closely  confined  to  the  atoms.   Since  in  an  insulator,  or 
dielectric,  electrons  cannot  leave  the  atoms,  a  charge  does 
not  spread  but  remains  in  the  region  where  electrification 
takes  place.  Due  to  electric  force  s  displacement  of  the 
outer  electrons  of  the  atoms  occurs,  whereby  their  orbits 
become  distorted  into  abnormal  positions  and  shapes.  They 
return  to  normal,  however,  when  the  force  is  withdrawn  and 
become  distorted  in  the  opposite  direction  if  electrifica- 
tion is  reversed.  This  slight  electron  movement  within  the 
atoms  of  a  dielectric  was  named  by  Maxwell  a  "displacement 
current"  (10).   It  is  especially  useful  In  explaining  the 
behavior  of  electrostatic  condensers  (8). 


Coulomb's  Law  and  the  Electrostatic  Coulomb 

Let  two  gilded  pith  balls  be  suspended  by  silk  threads, 
as  In  Figure  4,  and  electrified  by  contact.   If  the  two 
balls  thus  become  charged  alike,  they  repel  each  other  and 


Figure  4 

swing  apart,  but  with  unlike  charges  they  attract  (9).   Up 
on  this  characteristic  and  fundamental  behavior  of  statie 
charges,  the  electrostatic  system  of  units  Is  established. 

Coulomb's  Experiment.  The  first  exact  quantitative 
measurement  of  electric  force  was  made  by  Coulomb  using  a 
torsion  wire  balance  and  employing  the  above  principle  (8) 
In  this  instrument  he  hung  a  long  fine  wire  vertically 
a  torsion  head  graduated  In  degrees.   At  the  lower  end  of 
the  wire  a  bar  of  very  light  insulating  material  was  sus- 
pended horizontally  within  a  glass  jar  (12).  To  one  end 
of  this  bar  he  attached  a  gilded  pith  ball,  while  through 
the  cover  of  the  jar  he  inserted  an  insulated  metal  ball 


carrying  a  charge.  When  the  metal  ball  touched  the  pith 
ball  the  charge  divided  equally  between  theis  and  the  pith 
ball  was  repelled  to  such  a  distance  that  the  twist  In  the 
wire  balanced  the  force  of  repulsion.  He  read  the  deflec- 
tion of  the  pith  bell  on  a  scale  Inscribed  on  the  side  of 
the  jar.  When  the  twist  In  the  wire  was  Increased  by  means 
of  the  torsion  head  until  the  two  balls  were  Just  half  as 
far  apart,  he  found  the  twist  in  the  wire  was  four  times  as 
great  as  before,  and  when  the  balls  were  one -fourth  as  far 
apart  the  twist  was  sixteen  times  as  great  (11). 

To  determine  the  effect  of  a  change  in  the  quantity  of 
charge,  the  charged  metal  ball  was  withdrawn  and  touched 
to  a  sinilar  unchargea  ball.  This  again  divided  the  charge 
so  that  when  returned  to  its  place  within  the  Instrument 
the  ball  carried  only  half  Its  previous  charge.   The  repul- 
sion between  the  metal  ball  and  the  pith  ball  was  then 
found  to  be  only  half  as  great. 

Coulomb's  Law.   Prom  many  such  experiments  Coulomb 
concluded  that  the  force  between  two  small  charged  spheres 
is  Inversely  proportional  to  the  square  of  the  center-to- 
center  distance  between  then,  and  directly  proportional  to 
the  product  of  the  charges  (6).   This  law  holds  rigorously 
when  the  spheres  are  points,  the  distance  between  them  Is 
■mail,  and  the  medium  is  a  vacuum.  For  other  conditions 


the  algebraic  expression  of  the  lav  is: 

q  q» 
F  3  .... 

k  r2 
where  F  Is  the  force,  q  and  q'  are  the  charges,  r  is  the 
distance  between  the  charges,  and  k  Is  a  constant  which  de- 
pends upon  the  units  used,  and,  as  shown  by  Faraday,  the 
characteristics  of  the  medium.  This  law  was  proved  experi- 
mentally by  Maxwell,  using  two  conducting  spheres,  one  in- 
side the  other  (12). 

The  Electrostatic  Coulomb.   Let  the  force  F  equal  one 
dyne  and  the  distance  r  one  centimeter  in  a  vacuum.  Then 
the  charges  q  and  q'  in  the  above  equation  will  each  be  a 
unit  charge  in  the  electrostatic  system,  or  one  electro- 
static coulomb.   Since  the  charge  on  the  electron  is 
4.774  x  10"10  electrostatic  units,  it  follows  that  the 

number  of  electrons  in  one  statcoulomb  is  equal  to 
1 

.-f  or  2,095,000,000  electrons  (8)  (10). 

4.774  X  10" 10 

The  electron  is  the  natural  unit  of  electric  charge 

but  is  not  generally  used  in  the  force  equation  stated 

above  for  two  reasons:   (1)  If  the  charges  were  each  one 

electron  and  their  distance  apart  one  centimeter,  the  force 

would  be  only  22.8  x  lO"*20  dynes  in  a  vacuum,  and  less  in 

other  media.  This  force  is  extremely  small.   (2)  When 

these  electrical  phenomena  were  first  measured  the  electron 

was  unknown,  but  concepts  of  mechanical  units  were  well 


understood  and  already  widely  used.   So  the  electrostatic 
system  of  electrical  units,  as  well  as  the  other  systems  In 
common  use,  are  based  on  mechanical  principles  and  units 
(5). 

The  Charge  on  the  Electron.  The  charge  e  on  the  elec- 
tron Is  found  to  be  one  of  nature's  fundamental  constants, 
ranking  with  the  velocity  of  light  and  the  universal  con- 
stant of  gravity.   Since  it  was  required  In  evaluating  the 
electrical  units  mentioned,  as  well  as  many  atomic,  molecu- 
lar, and  radiation  constants,  its  exact  determination  early 
commanded  the  attention  of  the  world's  leading  scientists 
(13). 

In  1874  the  Irish  physicist,  G.  Johnstone  Stoney,  pre- 
dicted the  "atom  of  electricity"  and  calculated  its  approxi- 
mate charge  (5).  Closer  values  of  e  were  obtained  by  Town- 
send  in  1897  (6),  working  with  X-rays  and  radium.   Sir  J. 
J.  Thomson  improved  the  method  and  found  more  exact  values 
the  following  year  (2).  The  next  advance  was  made  by 
C.  T.  R.  Wilson  in  1903  by  employing  a  cloud  of  fine  water 
droplets  (2).  Beginning  about  1906,  Wilson's  method  was 
modified  and  perfected  by  Millikan  in  a  series  of  brilliant 
experiments  covering  a  period  of  several  years.  By  1917 
he  had  completed  and  published  his  famous  oil  drop  experi- 
ment by  which  he  determined,  in  what  is  believed  to  be 


final  form,  the  exact  value  of  the  charge  on  the  electron 
to  be  4.770  z  10" 10  electrostatic  units  (13).   Owing  to  the 
fundamental  nature  and  great  Importance  of  this  experiment 
a  brief  account  Is  here  outlined,  much  of  It  being  directly 
quoted. 

Previous  experlr*enta  on  water  droplets  had  encountered 
certain  sources  of  error,  chief  of  which  were:  "(1)  The  lack 
of  stagnancy  In  the  air  through  which  the  drop  moved;  (2) 
the  lack  of  perfect  uniformity  of  the  electrical  field 
used;  (5)  the  gradual  evaporation  of  the  drops,  rendering 
It  Impossible  to  hold  a  given  drop  under  observation  for 
more  than  a  minute  or  to  time  a  drop  as  It  fell  under 
gravity  alone  through  a  period  of  more  than  five  or  six 
seconds;  and  (4)  the  assumption  of  the  validity  of  Stoke's 
Law. 

"The  method  which  was  devised  to  replace  It  was  not 
entirely  free  from  all  of  these  limitations,  but  It  con- 
stituted an  entirely  new  way  of  studying  lonl*atlon  and  one 
which  at  once  yielded  Important  results  In  a  considerable 
number  of  directions. 

"In  order  to  compare  the  charges  on  different  Ions, 
the  procedure  adopted  was  to  blow  with  an  ordinary  commer- 
cial atomiser  an  oil  spray  Into  the  chamber  D,  Figure  5. 
The  air  with  which  this  spray  was  blown  was  first  rendered 
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Figure  5.  "A,   atomizer  through  which  the  oil  spray  la 
blovm  into  the   cylindrical  vessel  I> .     Q,    oil  tank  to  keep 
the  temperature  constant .     U  and  i»T,    circular  brass   plates, 
electrical  field  produced  by  throwing  on  10,00-J-volt  bat- 
tery B .     Light  from  arc  lamp  a  after  heat  rays  are  removed 
by  passage  through  w  and  d,    enters   chamber  through  glass 
window  g  and  illuminates  droplet   p  between  plates  M  and  I 
through  the  pinhole  in  M«     Additional  ions  are  produced 
about  p  by  X-rays  from  the  bulb  X."     From  Millikan   (13). 


dust-free  by  passage  through  a  tube  containing  glass  wool. 
The  minute  droplets  of  oil  constituting  the  spray,  most  of 
them  having  a  radius  of  the  order  of  a  one-thousandth  of  a 
millimeter,  slowly  fell  In  the  chamber  D,  and  occasionally 
one  of  them  would  find  its  way  through  the  minute  pinhole  p 
in  the  middle  of  the  circular  brass  plate  M,  22  cm.  In 
diameter,  which  formed  one  of  the  plates  of  the  air  con- 
denser. The  other  plate,  H,  was  held  16  an*  beneath  it  by 
three  ebonite  posts  a.  By  means  of  the  switch  £  these 
plates  could  be  charged,  the  one  positively  and  the  other 
negatively,  by  making  them  the  terminals  of  a  10,000-volt 
storage  battery,  B,  while  throwing  the  switch  the  other  way 
(to  the  left)  short-circuited  them  and  reduced  the  field 
between  them  to  zero.  The  oil  droplets  which  entered  at  p 
were  illuminated  by  a  powerful  beam  of  light  which  passed 
through  diametrically  opposite  windows  in  the  encircling 
ebonite  strip  c.  As  viewed  through  a  third  window  in  c  on 
the  side  toward  the  reader,  it  appeared  as  a  bright  star  on 
a  black  background.  These  droplets  which  entered  p  were 
found  in  general  to  have  been  strongly  charged  by  the  frlc- 
tional  process  involve^  in  blowing  the  spray,  so  that  when 
the  field  was  thrown  on  in  the  proper  direction  they  would 
be  pulled  up  toward  K.   Just  before  the  drop  under  observa- 
tion could  strike  M  the  plates  would  be  short-circuited  and 


the  drop  allowed  to  fall  under  gravity  until  It  waa  close 
to  If,  when  the  direction  of  motion  would  be  again  reverted 
by  throwing  on  the  field.   In  this  way  the  drop  would  be 
kept  traveling  back  and  forth  between  the  plates.  The 
first  time  the  experiment  was  tried  an  ion  was  caught  with- 
in a  few  minutes,  and  the  fact  of  its  capture  was  signaled 
to  the  observer  by  the  change  in  the  speed  with  which  it 
moved  up  when  the  field  was  on.  The  significance  of  the 
experiment  can  best  be  appreciated  by  examination  of  the 
complete  record  of  one  of  the  early  experiments  when  the 
timing  was  done  merely  with  a  stop  watch. 

"The  column  headed  t„,  in  Table  I,  gives  the  successivi 
times  which  the  droplet  require!  to  fall  between  two  fixed 
cross-hairs  in  the  observing  telescope  whose  distance 
apart  corresponded  in  this  case  to  an  aetual  distance  of 
fall  of  .5222  em.  It  will  be  seen  that  these  numbers  are 
all  the  same  within  the  limits  of  error  of  a  stop-watch 
measurement.  The  column  marked  tp  gives  the  successive 
times  which  the  droplet  required  to  rise  und*>r  the  influ- 
ence of  the  electrical  field  produced  by  applying  in  this 
eaae  5,051  volts  of  potential  difference  to  the  plates  M 
and  N.   It  will  be  seen  that  after  the  second  trip  up,  the 
time  changed  from  12.4  to  21.8,  Indicating,  since  in  this 
ease  the  drop  was  positive,  that  a  negative  ion  had  been 
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13.6 
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21.9 

13.6 

13.5 

13.4 

13.8 

13.4 

Mean  13.595 

caught  from  the  elr.  The  next  time  recorded  under  tp, 
namely,  34.8,  indicates  that  another  negetive  ion  had  been 
caught.  The  next  time,  84.5,  indicates  the  capture  of  still 
another  negative  ion.  This  charge  was  held  for  two  trips, 
vhen  the  speed  changed  back  again  to  34.6,  showing  that  a 
positive  ion  had  now  been  caught  which  carried  precisely 
the  same  charge  as  the  negative  ion,  which  before  caused 
the  inverse  change  in  time,  i.e.,  from  34.8  to  84.5. 

"In  order  to  obtain  some  of  the  most  ir portent  conee- 
quences  of  this  and  similar  experiments  we  need 


assumption  farther  than  this,  that  the  velocity  with  which 
the  drop  moves  is  proportional  to  the  force  acting  upon  it 
and  ia  independent  of  the  electrical  charge  which  it  carriei 
Fortunately  this  assumption  can  be  put  to  very  delicate  ex- 
perimental test,  as  will  be  presently  shown,  but  introduc- 
ing it  for  the  tine  being  as  a  mere  assumption,  as  Townsend, 
Thomson,  and  Wilson  had  done  before,  we  get 
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The  negative  sign  is  used  in  the  denominator  because  V2  will 
for  convenience  be  taken  as  positive  when  the  drop  is  going 
up  in  the  direction  of  F,  while  V-^  will  be  taken  as  posi- 
tive when  it  is  going  down  in  the  direction  of  g.  en  de- 
notes the  charge  on  the  drop,  and  must  not  be  confused  with 
the  charge  on  an  ion.  If  now  by  the  capture  of  an  ion  the 
drop  changes  its  charge  from  Oq  to  eni,  then  the  value  of 
the  captured  charge  e^  la 

•i  "  enl  "  en  ■  ~"  (V2  -  V 

and  since  - —  is  a  constant  for  this  drop,  any  charge  which 

FVi 
it  may  capture  will  always  be  proportional  to  (Vg  -  Vg), 

that  ia,  to  the  charge  produced  in  the  velocity  in  the  field 

F  by  the  captured  ion.  The  successive  values  of  Vg  and  of 

(Vg  m   Vg),  these  latter  obtained  by  subtracting  successive 


values  of  the  velocities 

I  given 

under  V2,  are  shown  In  Table 

II. 
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II 

Values  of 

v2 
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of 
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v2 

"""""""  <?2  "  V2> 

.5222 

=  .04196 
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.5222 
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34.7 
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.5222 

=  ,006144 

85.0 
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34.7 
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16.0 
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34.7 
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.5222 

• 
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21.85 

"It  will  be  seen  from 

the 

last  column  that  within  the 

Units  of  error  of  a  stop-' 

vatch  measurement,  all  the  charges 

captured  have  exactly  the  aane  value  amv9   in  three  eases. 
In  all  of  these  three,  the  captured  charges  were  just  twice 
as  large  as  those  appearing  in  the  other  charges.  Relation- 
ships of  exactly  this  sort  have  been  found  to  hold  abso- 
lutely without  exception,  no  matter  in  what  gas  the  drops 
have  been  suspended  or  what  sort  of  droplets  were  used  upon 
which  to  catch  the  ions.   In  many  cases  a  given  drop  has 
been  held  under  observation  for  five  or  six  hours  at  a  time 
and  has  been  seen  to  catch  not  eight  or  ten  ions,  as  in  the 
experiment  above,  but  hundreds  of  them.   Indeed,  I  have  ob- 
served, all  told,  the  capture  of  many  thousands  of  ions  in 
this  way,  and  in  no  case  have  I  ever  found  one  the  charge 
of  which,  when  tested  as  above,  did  not  have  either  exactly 
the  value  of  the  smallest  charge  ever  captured  or  else  a 
very  small  multiple  of  that  value.  Here,  then,  is  direct, 
unimpeachable  proof  that  the  electron  is  not  a  "statistical 
mean",  but  rather  the  electrical  charges  found  on  ions  all 
have  either  exactly  the  same  value  or  else  small  exact  mul- 
tiples of  that  value."   (IS). 


Potential.   Potential  Difference 


Absolute  Potential.  The  absolute  potential  at  a  point 
Is  equivalent  to  the  work  required  to  bring  a  unit  quantity 
of  electricity  from  Infinity  to  the  point  considered  (14). 


The  potential  at  Infinity  la  assumed  to  be  zero,  which,  In 
practice,  is  taken  aa  the  potential  of  the  earth  (6).  Thus, 
the  absolute  potential  at  a  point  equals  the  work  done  in 
moving  a  unit  charge  of  electrons  from  the  earth  to  the 
point,  If  negative  potential  is  desired,  or  frost  the  point 
to  earth,  if  positive  (11). 

Potential  Difference.  This  Is  essentially  the  same 
thing;  tliat  is,  the  work  necessary  to  move  a  charge  from 
one  point  or  surface  to  another,  except  that  zero  potential 
is  not  necessarily  Involved  (8).  Let  the  plates  of  a  con- 
denser be  the  surfaces  considered,  and  the  charge  be  one 
electrostatic  coulomb.  Then,  if  unit  work  is  done  on  the 
charge  ao  that  potential  difference  increases,  2.096  x   109 
electrons  are  transferred  from  the  positive  to  the  negative 
plate.  The  condenser  is  charging  and  energy  ia  being 
stored  In  the  electric  field.   If  the  condenser  is  discharg- 
ing, an  equal  amount  of  work  ia  being  done  by  the  electrons 
aa  they  move  from  the  negative  to  the  positive  plate,  the 
potential  difference  ia  now  decreasing,  and  electric  energy 
is  being  dissipated  in  other  forms,  such  as  heat. 

Electrostatic  and  Practical  Units  (6).  If  W  is  the 
work  required  to  transfer  a  charge  q,  and  V  is  the  potential 
difference  (PD)  established,  then  V  «  PD  =  W/q.   In  the 
electrostatic  system  of  units  this  becomes: 


Unit  Work         Irg 
Stat— VOlt  **  ■»■»■■■»»— <  —  ■»■«■— «)^« 
Init  Quantity   Stat -coulomb 

«*g 


2,005  x  10s  electrons 


In  the  practical  system  the  unit  of  vork  is  the  joule 
(10?  ergs),  the  international  volt  is  the  unit  of  potential 
difference,  and  the  coulomb  is  the  unit  of  electrical  quan- 
tity. Then,  in  this  system, 

Unit  Work      Joule       Joule  (107  ergs) 

Volt  * ■ * . 

Unit  Quantity   Coulomb   6.285  x  1018  electrons 

KAONETISM 
The  Behavior  of  Magnets 

Let  a  permanent  magnet  having  one  north  pole  and  one 
south  pole  located  near  the  ends,  be  broken.  New  poles  will 
be  found  to  have  formed  at  the  fracture  and  eaeh  pieee  will 
have  become  a  complete  magnet.  If  the  breaking  process  is 
continued  until  the  fragments  are  microscopic  in  else,  each 
pieee  will  still  be  magnetized  and  will  exhibit  north  and 
south  poles  of  equal  strength  (9) (10) (12) (14), 

If  a  test  tube  filled  with  hard  steel  filings  is 
placed  in  a  strong  magnetic  field  and  jarred  elightly,  the 
filings  will  become  so  arranged  that  their  greatest  lengths 
lis  parallel  to  the  magnetic  field.   If  the  body  of  filings 


is  now  gently  removed  from  the  magnetising  field,  so  the 
filings  remain  in  position,  it  will  show  all  the  properties 
of  a  permanent  magnet,  Including  a  field  of  its  own.  How- 
ever, if  the  filings  become  agitated  so  the  parallel  ar- 
rangement Is  broken  up,  the  magnetic  iroperties  of  tbe  fil- 
ings as  a  whole  disappear,  although  Individual  particles, 
when  isolated,  still  will  be  found  magnetized. 

From  these  experimental  phenomena  the  following  obser- 
vations may  be  made  (11): 

a.  The  fragments  of  a  magnet,  large  or  small,  always 
have  two  equal  and  opposite  poles. 

b.  Unlike  poles  attract  each  other  and  like  poles 
repel, 

c.  A  magnet,  when  free  to  turn,  will  always  orient 
Itself  so  that  its  magnetic  meridian  is  parallel  to  an  out- 
side magnetic  field. 

These  observations,  and  others  concerning  magnets,  In- 
dicate that  magnetism  is  a  condition  which  exists  through- 
out the  whole  of  a  magnet  and  is  not  merely  a  surface  state. 
All  substances  have  been  found  to  respond  in  some  manner  to 
the  influence  of  magnetism.  Some  are  paramagnetic,  having 
permeability  greater  than  that  of  air;  others  dlamagnetlc, 
with  less  permeability  than  air.  Paramagnetic  substances, 
when  free  to  move,  are  always  drawn  into  the  strongest  part 


of  a  Magnetic  field  and  align  themselves  parallel  to  it. 
They  are  attracted  by  a  magnet ,  Iron,  nickel,  cobalt,  and 
a  number  of  alloys  exhibit  this  property  strongly  (6)  .  Dia~ 
aagnetic  substances  align  themselves  crosswise  of  a  mag- 
netic field  and  are  repelled  by  it  so  that  they  move  out  of 
the  field  (14)  .  Antimony  and  bismuth  are  examples  . 

Classical  Theories  of  lagnetiam 


The  gluld  Theory .  Farly  theories  of  magnetism  often 
linked  it  with  the  mysterious  and  the  occult .  The  Greeks 
believed  lodestone  possessed  a  "special  soul"  .  Later  it 
was  held  that  the  behavior  of  magnets  was  due  to  an  impon- 
derable substance  in  the  form  of  two  fluids,  opposite  in 
kind  but  equal  in  quantity,  which  were  separated  by  the 
process  of  magnetization.  The  positive  fluid  collected  at 
one  end  to  form  the  north  pole,  while  the  south  pole  was 
due  to  the  collection  of  negative  fluid  at  the  other  end. 
Beth  these  fluids  had  the  property  of  repelling  the  fluid 
of  like  kind  and  attracting  that  of  opposite  kind,  the 
reason  being  unknown • 

The  discovery  that  breaking  a  magnet  did  not  isolate 
the  north  pole  from  the  south,  and  thus  divide  the  fluids, 
made  a  change  necessary  to  the  assumption  that  the  mag- 
netic fluids  were  possessed  by  each  particle  of  iron  within 
which  the  separation  occurred. 


The  theory  accounted  for  magnetic  induction  and  the 
distribution  of  magnetic  forces  in  a  magnet,  but  failed  on 
saturation,  103s  of  magnetic  properties  above  a  certain 
temperature,  and  the  lack  of  an  insulator  for  magnetism. 
Certain  other  phenomena  -unknown  to  the  early  investigators 
also  .»ould  have  been  unaccounted  for.  In  the  light  of  ex- 
perimental facts  then  established  the  fluid  theory  was 
quite  satisfactory  and  was  generally  accepted  up  to  the 
early  part  of  the  nineteenth  century . 

The  Amperian  Theory.  Ampere,  reber,  and  Ewing  laid 
the  foundation  of  the  classical  theory  of  magnetism  gener- 
ally accepted  before  the  discovery  of  the  electron  and  the 
advent  of  the  electron  theory  (10)  .  Ampere  offered  the 
hypothesis,  which  was  not  inconsistent  with  any  facts  then 
known,  that  each  molecule  of  a  magnetic  substance  has  an 
electric  current  flowing  around  it,  without  resistance  be- 
low certain  temperatures  (7)  .  This  deduction  came  from 
his  investigations  of  magnetism  set  up  by  currents  flowing 
in  coils  of  wire,  though  he  was  unable  to  say  what  consti- 
tuted or  caused  the  molecular  currents  (5)  (12). 

Weber  did  not  attempt  to  explain  the  cause  of  magnet- 
ism Itself  but  only  to  account  for  the  behavior  of  magnetic 
bodies.  He  accepted  Ampere's  hypothesis  and  started  arith 
the  assumption  that  each  molecule  of  iron  is  a  natural 


magnet  (6).   In  the  unma£neti2ed  condition  he  believed  the 
molecular  raa(rnets  have  no  definite  arrangement,  but  under 
the  influence  of  mutual  attraction  the  north  pole  of  one 
particle  is  drawn  to  the  south  pole  of  another,  thus  form- 
ing random  closea  groups  or  rings  which  confine  the  mag- 
netic forces  within  the  body  of  the  iron  and  eliminate  any 
tendency  toward  the  formation  of  an  external  field.   The 
process  of  magnetising  consisted  of  rearranging  these 
little  magnets  under  the  Influence  of  a  strong  impressed 
field  until  they  are  aligned  parallel  to  the  field,  with 
their  north  poles  pointing  one  way  and  their  south  poles 
the  other. 

Ewlng  extended  the  theory  to  explain  the  phenomena  of 
saturation,  hysteresis,  and  retentlvlty.  He  suggested  that 
the  natural  magnetic  attraction  of  the  molecules  holds  them 
In  stable  groups  with  considerable  force.  Hfhen  an  increas- 
ing magnetic  field  Is  applied  externally  to  such  groups, 
the  molecules  tend  to  turn,  but  with  some  difficulty  at 
first,  until  the  magnetizing  influence  is  made  strong 
enough  to  cause  the  groups,  one  by  one,  to  become  unstable. 
Then,  between  certain  relatively  small  limits  of  lncraase 
in  the  external  field,  the  groups  rapidly  break  up  and  re- 
form In  new  stable  groups  with  the  tiny  magnets  more  nearly 
parallel  to  one  another.  This  new  alignment  greatly  in- 


creases  the  intensity  of  the  field  and  accounts  for  the  ris- 
ing portion  of  the  saturation  cui  ve  .  After  this  a  further 
and  much  greater  increase  in  magnetizing  force  merely 
bring3  the  magnets  more  and  more  in  line,  ooaplete  satura- 
tion being  reached  when  they  are  all  arranged  in  parallel 
rows .  Thus  the  three  stages  of  magnetization  fere  ex- 
plained (7)  . 

When  the  external  field  is  diminished  the  stability  of 
the  new  groups  continues  .  They  do  not  break  down  and  re- 
turn to  their  original  condition  until  the  magnetizing 
force  is  considerably  weakened  and  usually  reversed  for 
complete  demagnetization.  In  the  ease  of  hard  steel  there 
was  assumed  to  be  a  frlctional  resists ace  between  the  mole- 
cules, whioh  makes  both  magnetization  and  demagnetization 
more  diffioult  than  in  soft  iron  .  For  this  reason  not  only 
the  original  or  natural  groups  but  also  the  final  groups 
are  very  reluctant  toward  change,  so  that,  after  being 
aligned,  if  the  magnetizing  force  is  removed,  the  molecules 
retain  their  parallel  groupings  to  a  large  extent,  making 
the  magnetized  condition  permanent  .  These  explanations  of 
saturation,  retentivity,  and  hysteresis  were  undisputed  for 
many  years  but  do  not  seem  to  be  fully  supported  by  the 
latest  experiments,  which  indicate  that  the  spinning  elec- 
tron is  the  elementary  magnetic  particle  (1)  . 


If  a  permanent  raagnet  is  iieated  it  loses  its  magnetii 
and  at  about  770°  C  •  iron  i3  no  longer  attracted  by  another 
magnet  (14) •  In  explanation  of  this  the  deduction  is  made 
from  beat  theory  that  at  the  higher  temperatures  thermal 
agitation  prevents  alignment  by  a  magnetic  field  and  group- 
ings of  any  kind  are  extremely  unstable  .  Upon  cooling*  the 
magnetic  qualities  return .  The  same  reasoning  applies  to 
nickel  and  cobalt,  except  at  lower  temperatures  . 

Electron  Theory  of  Permanent  Lagnets 

Interpreted  according  to  the  electron  theory*  magnetic 
is  atomic  or  electronic  in  origin.  If  Bohr's  hypothesis  of 
atomic  structure  is  accepted  (15),  magnetic  characteristics 
cay  be  ascribed  to  every  atom  due  to  its  revolving  elec- 
trons (8)  .  The  revolution  of  the  electrons  about  the  nu- 
cleus of  an  atom  constitutes  circular  currents,  similar  on 
a  very  small  scale  to  the  movement  of  a  large  number  of 
electrons  flowing  in  a  circular  coil  of  wire  ■  Each  revolv- 
ing electron  is  thus  believed  to  have  a  magnetic  field  (9)  • 

If  the  electron  orbits  are  so  oriented  that  their  mag- 
netic fields  cancel,  the  atoms  will  be,  in  effect,  nonmag- 
netic .  This  is  not  generally  the  case,  however,  as  in 
most  materials  the  orbital  arrangement  is  thought  to  be 
such  that  a  resultant  field  exists,  making  each  atom  mag- 


netic.  Due  to  mutual  attraction,  these  atomic  magnets 
naturally  arrange  themselves  more  or  less  at  random  in 
closed  groups  whose  magnetic  axes  point  in  every  direction 
and  whose  magnetism  is  either  confined  to  the  group  or  neu- 
tralised by  other  groups,  so  no  external  field  exists  and 
the  substance  as  a  whole  is  nonmagnetic  .  This  is  illus- 
trated in  Figure  6  in  which,  for  simplicity,  each  circle 


Figure  6 


represents  a  group  of  atoms  and  the  arrow  points  in  the 
direction  of  the  resultant  field  of  that  group.  ;Yiien  an 
external  field  is  applied  the  motions  of  the  electrons  are 
supposed  to  be  changed  slightly,  in  some  cases  so  that  the 
substance  exhibits  diamagnetism  and  in  other  paramagnetism, 
depending  on  electron  arrangement  or  behavior  within  the 
atoms  i 

The  nature  of  this  behavior  is  uncertain.  Recent  ex- 
periments seem  to  indicate  that  the  individual  atoms  of 


diaraagnetic  substances  orient  themselves  with  their  result- 
ant magnetic  axes  opposed  to  the  external  field,  or  at 
right  angles  to  it,  which  would  cause  a  tendency  to  move 
out  of  the  field,  while  In  paramagnetism  the  resultant  axes 
become  aligned  with  the  field  and  the  substance  moves 
farther  into  it.  Also  In  ferromegnetlam,  an  applied  mag- 
netic field  Is  believed  to  orient  the  electron  orbits  to 
such  an  extent  that  the  minute  magnets  all  awing  into  the 
field,  and  by  thus  adding  their  resultant  fields  build  up  a 
very  intense  magnetization.  This  orientation  is  largely 
retained  in  steel  If  it  is  tempered  very  hard.  Figure  7 
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Figure  7 

indicates  the  final  positions  of  atoms  or  groups  of  atoms 
of  a  ferromagnetic  substance  in  a  very  strong  uniform  ex- 
ternal field,  while  Figure  8  represents  conditions  in  a 
permanent  magnet  after  the  external  field  has  been  remove* 

On  the  assumption  that  elemental  magnets  are  due  to 
revolving  electrons,  we  may  poetulate  how  a  sufficient 
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Figure  8 

number  of  such  electrons   could  make  up  a  magnet .     Let 
Figure  9  represent  an  Idealised  section  of  a  ferromagnetic 
substance  In  which  each  atom  has  an  electron  current  clrcu- 

f)()f}(i()(l 

jfigure  w 

lating  around  it,   as  indicated  by  the  arrows  .     At  all  in- 
terior points  where  atoms  are  adjacent,    there  are  two  cur- 
rents in  opposite  directions  which  neutralise  each  other, 
leaving  only  the  currents  on  the  outer  or  free  sides  of 
the  section  to  produce  a  resultant  magnetisation.     The 

field  la  due,  therefore,  to  a  current  equal  to  the  atomic 
current  circulating  around  the  outside  of  the  section  (5). 
The  magnitude  of  thla  field  is  proportional  to  the  result- 
ant of  all  the  electron  orbits  addltively  oriented  and  to 
the  revolutions  per  second  of  the  electrons.  If  the  radius 
of  the  »agnet  ia  one  centimeter  and  the  field  at  the  center 
exerts  a  force  of  oxie  dyne,  the  circulating  current  ia  one 
abampere,  or  1019  electrons  per   second. 

The  explanation  of  magnetism  given  above  is  not  ac- 
ceptable at  present.  Recent  spectroscopic  investigatlona 
of  f err  oaagnet lam  have  revealed  no  evidence  of  orientation 
either  of  molecules  or  atoms  under  the  influence  of  an  ex- 
ternal field.  If  change  occurs  at  all,  it  must  be  *ithia 

the  atom  (10)  . 

According  to  Boaorth  (1),  it  appears  to  be  due  mainly 
to  electron  spin .  Although  the  revolution  of  the  electron 
about  the  nucleus  of  the  atom  Is  believed  to  yield  a  cer- 
tain magnetic  moment,  it  ia  the  spinning  of  the  electron 
on  its  own  axis  that  supplies  the  greater  portion  of  the 
magnetic  effect,  and  all  changes  in  magnetisation  are  at- 
tributable to  the  orientation  and  parallel  grouping  of 
these  electron  spina  • 

The  orbital  paths  of  electrons  are  spaced  or  arranged 
in  shells .  Any  shell  ia  magnetically  neutral  which  has 


equal  number  of  electron*  spinning  in  each  direction,  posi- 
tive and  negative.  This  condition  applies  to  all  the 
shells  of  many  elements,  but  in  the  ferromagnetic  sub- 
stances certain  shells  contain  more  electrons  spinning  in 
one  direction  than  the  other  and  are  therefore  polarised. 
To  be  ferromagnetic,  there  must  also  exist  the  further  con- 
dition that  the  spina  in  neighboring  atoms  be  parallel  and 
capable  of  orientation  in  groups  or  "domains*  te  be  wrought 
into  alignment  during  the  process  of  magnetisation. 

The  true  and  complete  nature  of  magnetism  remains  a 
discovery  for  the  future,  one  of  the  intriguing  systeries 
of  modern  physics  .  Pull  treatment  of  ita  present  status 
involves  extensive  use  of  the  quantum  theory  and  spin  me- 
chanics, which  places  it  beyond  the  scope  of  this  thesis  . 


Magnetic  Maswnt .  Magneton 

If  a  bar  magnet  is  placed  in  a  magnetic  field  it  will 
tend  to  align  itself  parallel  to  the  lines  of  force  with  a 
couple  proportional  to  the  strength  of  the  field  and  to  the 
magnitude  of  a  property  of  the  bar  lenown  as  its  magnetic 
moment  (8) (9) (11). 

Since  magnetism  has  been  found  to  be  subatomic  in 
origin,  it  baa  been  postulated  that  each  atom  posaasaes  a 
resultant  magnetic  moment  which  is  the  summation  of  all  the 
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uncompensated  moments  set  up  by  the  revolution  of  the  elec- 
trons about  the  nucleus,  the  spin  of  the  electron,  the  spin 
of  the  nucleus,  or  whatever  it  is  that  causes  magnetism. 
This  magnetic  moment,  which  is  responsible  for  the  magnetic 
behavior  of  atoms,  varies  with  the  kind  of  substance  (atoms] 
being  stronger  in  some  than  in  others  .  Investigation  of 
this  property  by  Weiss,  3ohr,  and  others  indicates  that  the 
Magnitude  of  the  magnetic  moment  of  any  atom,  and  therefore 
of  any  magnet,  is  always  a  multiple  of  an  ultimate  unit  of 
moment,  named  by  'Seiss  the  magneton.  This  unit  of  mag- 
netic action  corresponds  in  magnetism  to  the  elementary 
unit  of  electricity,  the  electron.  Its  magnitude  is  com- 
puted to  be  9.17S  x  10""21  electromagnet! e  units  (2)  . 


Unit  Magnetic  Pole.  Coulomb's  Lew 


An  isolated  magnetic  pole  n9trer   exists  .  A  north  pole 
and  an  equal  south  pole  are  always  found  on  the  seme  magnet 
But  for  the  purpose  of  measurement,  a  very  long  thin  magnet 
bee  one  pole  so  far  removed  from  the  other  that  the  effect 
on  each  other  is  negligible .  Coulomb,  using  such  a  magnet, 
studied  the  attractions  and  repulsions  of  magnetic  poles 
and  with  his  torsion  balance  discovered  the  law  of  magnetic 
force  which  bears  his  name  (7) (12)  . 

Tlds  law  states  that  the  force  exerted  by  two  poles 


upon  each  other  ia  directly  proportional  to  the  product  of 
their  individual  forces  and  invereely  proportional  to  the 
distance  between  them  (9)  .  The  algebraic  expression  of 
this  lav  is 

f  *  2 

k  d2 

where  m1  and  mn   are  the  quantities  of  magnetise  in  the  two 
poles,  k  is  a  proportionality  factor  that  depends  on  the 
units  used  and  the  medium  between  the  poles,  d  is  the  dist- 
ance between  poles,  and  f  is  the  meehmnical  force  of  repul- 
sion or  attraction,  as  the  case  may  be.  Upon  this  law  ie 
baaed  the  classical  definition  of  the  unit  pole  and  the 
absolute  system  of  electromagnetic  units  (10)  .  Such  a  unit 
pole  is  one  which,  when  placed  one  centimeter  from  an  equal 
and  like  pole  in  air,  repels  it  with  a  force  of  one  dyne 
(6>(11). 

BLECTRODlMSilCS 

Foreword 


Electrodynamics  is  the  science  of  electricity  in 
motion.  If  a  copper  wire  or  any  series  of  solid  conductors 
connects  two  points  between  which  a  potential  difference  ia 
maintained,  an  electric  current  flows  through  the  conduct- 


If  a  solution,  such  as  salt  dissolved  In  water.  Is 
a  part  of  the  circuit,  the  current  continues  to  flow, 
hut  if  an  air  gap  or  other  insulator  is  introduced,  the 
circuit  is  broken  and  the  eurrent  ceases  (14)  . 

Careful  investigation  of  these  and  similar  phenomena 
reveals  that: 

a .  Current  consists  of  elementary  quantities  of  elec- 
tricity moving  under  the  force  of  an  electric  field  and 
obeying  certain  natural  laws  (15)  . 

b .  Differences  exist  in  the  at«ato  structure  of  var- 
ious materials  that  may  be  used  in  the  circuit,  causing 
some  to  be  conductors,  others  insulators  (10)  . 

c.  An  electromagnetic  field  exists  around  a  flow  of 
electricity  which  will  exert  mechanical  force  and  transmit 
energy . 

d.  Heat,  magnetise,  and  c.   Leal  reactions  develop  in 
the  circuit,  varying  with  the  materials  used  and  the  magni- 
tude of  the  current .  In  such  eases  energy  is  expended  and 
work  done  to  maintain  the  potential  difference,  the  energy 
being  supplied  by  a  battery  cell,  a  generator,  or  other 
source  of  electromotive  force,  either  primary  or  secondary . 

e.  If  the  conductor  is  a  solution,  it  decomposes,  and 
from  certain  solutions  gases  are  liberated  and  metals  de- 
posited , 


Classical  Theories  of  Electrodynamics 


Explanations  Varied  .  Many  of  the  phenomena  of  current 
flow  were  not  explained  by  classical  physics .  Resistance, 
the  production  of  heat  and  magnetism,  and  the  fundamental 
difference  between  conductors  and  insulators,  are  examples  . 
Prom  the  time  of  Yolta  electric  current  was  believed  to  be 
a  continuous  transfer  of  electricity  around  the  circuit, 
all  in  one  direction  in  the  one-fluid  theory  and  equally  in 
both  directions  in  the  two-fluid  theory .  This  latter  view 
agreed  with  the  laws  of  electrolysis,  as  discovered  by 
Faraday,  but  failed  to  explain  the  mechanical  attraction 
and  repulsion  of  currents  for  each  other,  which  clearly 
were  not  due  to  static  charges  .  Since  the  raass  of  a  con- 
ductor was  not  altered  by  current  flow,  those  fluids  were 
thought  to  be  Imponderable . 

Weber  offered  the  hypothesis  that  moving  charges  react 
on  one  another  with  forces  due  to  their  velocities  as  well 
as  with  static  forces,  and  assumed  that  these  act i ons  take 
place  in  some  direct  manner,  depending  on  the  distance  be- 
tween the  currents  and  not  on  the  medium  separating  them. 
Faraday  disagreed  with  this  view  (IS),  holding  that  elec- 
tric and  magnetic  actions  take  place  by  means  of  physical 
lines  of  force  through  the  interaction  of 


known  a*  the  ether.  Maxwell  gave  this  latter  view  mathe- 
matical form  and  thereby  attempted  to  show  that  the  flow 
of  electricity  In  a  conductor  Is  accompanied  by  a  displace- 
ment In  the  surrounding  dielectric  which  produces  the  elec- 
tric and  magnetic  fields  and  serves  as  a  reservoir  and  con- 
veyor of  energy  (6).   Poynting  added  the  theorem  that  to 
start  this  ethereal  mechanism  in  action  requires  energy 
which  is  supplied  by  the  source  only  at  a  certain  rate. 
At  first  this  energy  is  divided  between  that  expended  in 
the  circuit  and  that  stored  in  the  field,  but  when  the  cur- 
rent reaches  the  steady  state,  the  field  is  maintained 
without  further  expenditure  of  energy.  Thereafter,  the 
flow  of  energy  from  the  source  all  passes  through  the  die- 
lectric, finally  reaching  the  conductor  and  being  trans- 
formed by  It. 

Electron  Theory  of  Electrodynamics 

The  electron  theory  offers  the  best  explanation  of 
electric  current  so  far  advanced.   Much  has  been  verified 
by  experiment.   It  recognizes  three  kinds  of  current,  con- 
duction current  in  solids,  displacement  current  in  dielec- 
trics, and  convection  current  in  liquids  and  gases.   All 
involve  atomic  structure  and  the  behavior  of  electrons  and 
protons. 


Conduction  Current .  Conductors .  Insulators  .  Metallic 


conduction  current  consists  of  the  transfer,  or  movement  of 
free  electrons  from  atom  to  atom  through  the  conductor  (5)  - 
Such  a  current  may  exist  in  any  solid  that  contains  elec- 
trons capable  of  escape  from  their  parent  atoms  to  drift  or 
flow  in  a  continuous  stream  (9) «  These  electrons  are  call< 
roaming,  detachable,  or  conduction  electrons  .  A  good  con- 
ductor is  a  material  .vhicii  releases  and  passes  a  large  num- 
ber of  electrons  in  this  manner  under  a  slight  electric 
force  or  potential  difference  (2),  &hile  a  poor  conductor 
not  only  contains  fewer  detachable  electrons  but  these  re- 
quire a  higher  potential  difference  to  detach  them  from 
their  atoms  and  cause  them  to  drift .  The  electrons  of  in- 
sulators are  believed  to  be  tightly  bound  within  the  atoms 
and  are  released,  if  at  all,  only  under  the  pressure  of  an 
extremely  high  potential  (5)  .  Ordinarily,  the  electron 
orbits  of  an  insulator  may  become  considerably  distorted 
in  the  direction  of  an  electric  force  but  will  return  to 
normal  when  the  force  is  removed.  This  slight  movement  of 
electrons  in  a  dielectric  is  called  a  displacement  cur- 
rent (6)  . 

The  chief  difference  between  conductors  and  insulat- 
ors, whereby  a  list  of  kno.vn  substances  quite  gradually 
grades  off  from  one  extreme  to  the  other  without  any  sharp 


line  of  demarcation,  ia  believed  to  be  largely,  if  not  en- 
tirely, due  to  the  one  feature  of  atomic  structure  men- 
tioned  above,  that  of  detachable  electrone  . 

Protons  in  aolids  tend  to  move  in  a  direction  opposite 
to  that  of  electrons,  but,  due  to  their  greater  mas  and 
fixed  poaitiona  within  atomic  nuclei,  movement  does  not  oc- 
cur to  any  extent .  As  they  are  essential,  without  varia- 
tion in  number  or  arrangement,  to  atomic  atructure,  to  re- 
move them  would  destroy  the  atom.  Atoms  of  different  ale- 
ments  are  unlike,  and  if  proton  movement  were  appreciable 
it  would  carry  whole  atoms  across  the  junctions  of  metallic 
circuits  and  cause  the  mixing  of  unlike  substances .  This 
has  never  been  detected  in  solids  at  normal  temperatures 
and  presaures  . 

warmer  of  Current  Flow .  The  manner  in  which  electrons 
flow  through  a  metallic  conductor  has  been  found  to  be 
somewhat  as  diagramed  conventionally  in  Figure  10.  The 
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Figure  10 


part  AB  of  the  circuit  shows  the  metal  conductor  greatly 
enlarged.  Each  open  circle  represents  a  neutral  atom;  each 
dash  a  free  electron.  The  circles  containing  plus  signs 
stand  for  atoms  positively  charged,  each  of  which  has  lost 
one  or  more  electrons  due  to  the  force  of  the  eleotrio 
field  set  up  between  the  charged  wires  near  each  end  (8) . 
The  negative  wire  repels  the  free  electrons  in  AB  and  the 
positive  wire  attracts  them,  but  the  air  gaps  act  as  insu- 
lators through  which  electrons  cannot  pass  .  Therefore, 
they  accumulate  at  the  positive  end  of  AB  in  such  numbers 
that  their  mutual  repulsion  quickly  develops  a  counter  po- 
tential sufficient  to  counteract  the  force  or  the  external 
field.  Then  they  eome  to  a  standstill.  But  If  the  termi- 
nal wires  from  the  battery  are  now  touched  to  AB,  as  in 
Figure  11,  an  outlet  for  the  dammed  up  electrons  is  pro- 
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Figure  11 
vided  and  they  immediately  begin  to  flow  from  B  toward  the 
positive  side  of  the  battery  where  a  deficiency  exists  .  At 


the  mm  rat©  the  other  wire  carries  electrons  from  the 
negative  aide  of  the  battery  to  A,  ao  that  the  total  number 
within  AB  remains  constant  .  The  drift  around  the  circuit 
is  uniform  and  continuous  for  as  soon  as  an  electron  leaves 
an  atom  to  move  forward  in  the  direction  of  flow,  another 
is  attracted  to  that  atom  from  behind  by  the  unbalanced 
positive  charge  which  the  atom  then  possesses  . 

The  time  spent  by  electrons  outside  of  atoms  in  an 
ordinary  flow  of  current  is  believed  to  be  very  short  com- 
pared to  the  time  spent  within,  and  their  average  velocity 
through  the  conductor  is  only  a  few  centimeters  per  second 
(8). 

lbs  cause  of  the  flow  in  the  circuit  shown  is  the 
chemical  action  of  the  battery  which  serves  to  pump  elec- 
trons out  of  the  positive  side  (B)  of  the  circuit  and  into 
the  negative  side  (A),  creating  thereby  an  unbalanced  con- 
dition called  an  electric  field.  The  force  of  repulsion 
due  to  free  electrons  and  ionised  (negative)  atoms  pushes 
electrons  forward  in  the  negative  side,  while  the  attrac- 
tion of  unneutralised  protons  on  the  positive  side  exerts 
a  strong  pull  in  the  same  direction.  The  two  forces  com- 
bine to  form  what  is  known  as  potential  difference,  elec- 
tromotive force,  or  voltage  . 

The  direction  of  current  flow  is,  therefore,  seen  to 


54 
be  from  negative  to  positive  in  the  external  part  of  a 
circuit,  which  is  opposite  to  the  classical  direction,  posi- 
tive to  negative  (9)  .  This  contradiction  is  due  to  a  mis- 
taken choice  made  arbitrarily  without  experimental  proof 
before  the  electron  was  discovered  and  the  process  of  con- 
duction understood.  Several  electrical  laws  and  practical 
rules  where  direction  of  flow  is  Involved  were  formulated 
during  the  classical  period  and  are  now  known  to  be  in 
error  on  tnis  point  .  These  will  be  stated  correctly  in 
later  paragraphs  .  For  many  practical  purposes  the  direction 
of  current  is  not  highly  important  and  may  be  largely  dis- 
regarded in  certain  elementary  work,  but  in  the  study  of 
electron  tubes,  chemical  reactions,  and  research  in  modern 
physics,  where  electron  behavior  is  the  basis  of  things, 
the  airectioa  of  flow  must  be  understood  and  duly  con- 
sidered . 

Revision  of  Hand  Rules  .  In  the  classical  period  of 
physics  an  error  was  made  in  arbitrarily  assuming  that 
electric  current  flows  in  an  external  circuit  from  positive 
to  negative,  that  is,  in  the  direction  protons  tend  to 
move,  whereas  current  is  known  at  present  to  be  a  movement 
of  electrons  from  negative  to  positive  .  Due  to  this  error, 
certain  B right-hand"  and  "left-hand"  rule*  then  formulated 
should  now  be  oppositely  stated . 


One  of  these  is  the  right-hand  rule  which  states  that 
the  lines  of  magnetic  force  produced  by  a  current  around  a 
straight  conductor  are  in  the  same  direction  as  the  finger- 
tips of  the  right  hand,  ?hen  it  grasps  the  conductor  ?ith 
the  thumb  pointing  in  the  direction  of  (positive)  current 
f low .  This  rule  should  be  changed  to  read  somewhat  as  fol- 
lows: The  direction  of  a  magnetic  field  set  up  by  drifting 
electrons  (current)  may  be  indicated  by  grasping  the  con- 
ductor with  the  left  hand  so  that  the  thumb  points  with  the 
motion  of  the  electrons  .  The  fingertips  then  indicate  the 
direction  of  magnetic  field. 

Similarly,  the  rule  which  states  that  when  the  coil  of 
an  electromagnet  is  grasped  by  the  right  hand  so  that  the 
fingertips  point  in  the  direction  of  current  flow  around 
the  coil,  the  thumb  will  point  toward  the  north  pole  of  the 
coil,  should  be  reversed  to  read  "grasped  by  the  left 
hand",  etc. 

Fleming  devised  a  three-finger  rule  (7)  to  predict  the 
direction  of  current  induced  in  a  closed  conductor,  as  fol- 
lows: "Let  the  thumb  of  the  right  hand  be  pointed  in  the 
direction  of  the  motion  of  tne  conductor  across  the  field, 
and  the  forefinger  in  the  direction  of  the  flux,  then  the 
middle  finger,  extended  at  right  angles  to  the  other  two. 
will  indicate  the  direction  of  the  induced  current.  The 


left  band  should  be  substituted  for  the  right  in  this  rule 
if  the  current  is  considered  an  electron  flow . 

A  similar  rule,  also  credited  to  Fleming,  was  used  to 
determine  the  direction  a  current-carrying  conductor  will 
move  when  placed  in  a  magnetic  field.  "Extend  the  thumb, 
forefinger,  and  middle  finger  of  the  left  hand  at  right 
angles  to  each  other  .  If  the  forefinger  points  in  the  di- 
rection of  the  flux  and  the  middle  finger  in  the  direction 
of  the  current,  then  the  thumb  will  indicate  the  direction 
of  motion  of  the  conductor."  Since  "current"  is  really  an 
electron  flow  in  the  opposite  direction  assumed  in  this 
rule,  the  right  hand  should  be  used  instead  of  the  left , 

Convection  Current .  The  flow  of  electricity  through 
an  electrolyte  is  called  a  convection  current  (6)  ,  It  ha» 
been  found  that  when  an  acid,  base,  or  salt  is  dissolved 
in  water  a  portion  of  the  molecules  breaks  up  and  exists  as 
separate  atoms  or  groups  of  atoms,  eaoh  fragment  carrying 
an  electric  charge,  making  it  an  ion  (10)  .  For  example,  a 
solution  of  salt  water  contains  besides  neutral  moleculea 
of  salt,  positively  charged  atoms  of  sodium  and  negatively 
charged  atoms  of  chlorine . 

Mow,  of  two  electrodes  are  connected  to  a  battery,  as 
in  Figure  12,  and  placed  in  a  vessel  of  the  solution,  the 
battery  establishes  a  difference  of  potential  between  the 
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Figure  12 
electrodes  by  removing  electrons  from  the  anode  A,  leaving 
it  positive  in  charge,  and  driving  them  around  the  circuit 
onto  the  oathode  C,  snaking  it  negative.  The  positive  ions 
of  sodium  are  then  repelled  by  A  and  driven  through  the 
solution  toward  C  which  attracts  them.  Boon  reaching  C 
each  sodium  ion  receives  an  electron  from  0  and  becomes  a 
neutral  sodium  atom.  In  a  like  manner,  the  negative  chlor- 
ine ions  are  repelled  by  G  and  attracted  by  A,  and  upon 
reaching  A  give  up  their  electrons  which  are  oarried  around 
the  circuit  again  to  the  cathode  C.  Only  electrons  flow  in 
the  metallic  part  of  the  circuit  but  two  streams  of  charges, 
one  positive  and  the  other  negative,  flow  in  opposite  di- 
rections to  make  up  the  convection  current  through  the  so- 
lution. It  produces  heat  and  a  magnetic  field,  the  same  as 
a  conduction  current  . 

Resistance .  Heating  Effect  .  The  Magnitude  of  the 
current  flowing  in  a  circuit  depends  not  only  on  the  poten- 


tial  difference  maintained  by  the  source  of  electromotive 
force,  but  also  on  the  resistance  of  the  circuit  as  deter- 
mined by  the  number  and  mobility  of  detachable  electrons  in 
the  conductor  (8)  .  Besistance,  or  opposition  to  current 
flow,  is  due  to  several  causes.  (1)  A  material  having  only 
a  few  detachable  electrons  is  a  poorer  conductor  than  one 
having  many.  (2)  A  small  conductor  will  be  poorer  than  a 
large  one  of  the  sane  material  because  of  a  smaller  total 
number  of  electrons  available  for  movement .  (3)  Electrons 
will  drift  slower  through  a  long  wire  than  a  short  one 
since  the  fall  of  potential  per  unit  length,  or  per  atom, 
is  less,  which  is  equivalent  to  a  lower  accelerating  force. 
(4)  Atoms  at  higher  temperatures  are  in  more  violent  agita- 
tion and  are  farther  apart,  due  to  which  electrons  have 
greater  difficulty  in  fMgMf  from  one  positive  atom  to  an- 
other, and  in  so  doing  will  collide  with  more  neutral 
atone,  which  temporarily  stops  their  motion.  All  theee 
conditions,  producing  heat  when  current  flows,  combine  into 
one  property  called  resistance,  due  to  which  more  kinetic 
energy  must  be  imparted  to  the  moving  electrons  than  would 
otherwise  be  necessary.  They  attain  higher  velocities,  are 
subject  to  greater  agitation,  and  to  more  frequent  and  vio- 
lent collisions  .  The  energy  thus  absorbed  by  the  resist- 
ance of  a  conductor  is  converted  into  heat  . 


Electrolysis  .  Chemical  decomposition  by  electric  cup- 
rent  is  called  electrolysis  (6)  .  It  was  one  of  the  earli- 
est discovered  effects  of  current  flow  and  theories  for  its 
explanation  were  soon  attempted  (7)  .  Grotthus,  about  1805, 
suggested  that  each  molecule  of  the  electrolyte  is  made  up 
of  two  equally  and  oppositely  charged  parts  which  become 
Ions  when  the  molecule  breaks  up  (14) .  If  an  electric 
force  Is  impressed  upon  the  electrolyte,  he  believed  that 
all  the  molecules  face  about  with  their  positive  charges 
pointing  toward  the  negative  electrode  and  the  negative 
charges  toward  the  positive  eleetrode  (10)  .  Then  they 
break  apart,  due  to  the  potential  difference,  and  the  posi- 
tive and  negative  ions  begin  to  move  toward  the  oppositely 
oharged  plates  .  This  process  frees  ions  at  each  plate  and 
brings  the  remaining  Ions  together  to  form  new  molecules, 
which  rearrange  themselves  as  before  In  the  electric  field 
and  then  repeat  the  process  .  These  movements  of  positive 
charges  in  one  direction  and  negative  charges  in  the  other 
together  constitute  the  current  (9) . 

This  explanation  was  found  defective,  Inasmuch  as  de- 
composition within  the  solution  requires  a  certain  amount 
of  electric  force  and  no  such  force  could  be  observed. 
Helmholtz  showed  that  the  interior  of  an  electrolyte  can- 
not withstand  the  slightest  electrostatic  stress  ,  So 


Clausius  later  codified  tiie  theory   by  assuming  that  the 
molecules  are  already  in  active  motion,  due  to  their  kinetic 
energy,  and  by  shock  of  impact  break  into  iona  which  are 
attracted  toward  the  plates  of  opposite  sign  when  intro- 
duced . 

The  discoveries  that  ions  accumulated  in  greater  num- 
bers near  the  electrodes  and  that  different  sorts  of  ions 
traveled  at  different  velocities,  suggested  further  modifi- 
cation and  gave  rise  to  the  "dissociation  theory"  as  de- 
veloped by  Arrhenius,  to  agree  with  observed  facts  concern- 
ing certain  other  physical  properties  of  solutions  and  with 
the  conception  of  the  atomic  structure  of  electricity  indi- 
cated by  Faraday's  laws  of  electrolysis.  Arrhenius  offered 

3  suggestion  (5),  which  is  the  present  accepted  explana- 
tion based  on  electron  theory,  that  when  a  salt  or  other 
substance  is  dissolved  so  as  to  form  an  electrolyte,  a 
large  p9r   cent  of  its  molecules  separate  into  ions,  whether 
a  potential  difference  is  present  or  not,  and  are  then 
free,  or  dissociated,  ions.  There  are  always  an  equal  num- 
ber of  positive  and  negative  ions  in  any  such  solution  and 
when  a  potential  difference  is  applied,  they  begin  at  o:ioe 
to  drift  toward  the  electrodes  of  opposite  sign  to  which 
their  charges  are  finally  delivered.  The  negative  ion, 
which  is  an  atom  or  group  of  atoms  with  one  or  snore  extra 


eleetrona  attaehod,  according  to  valency,  carries  these 
electrons  to  the  positive  electrode  ^here  it  loses  them  and 
becomes  neutralized,  while  the  positive  ion  with  an  equal 
number  of  electrons  missing  moves  to  the  negative  electrode 

d  there  receives  sufficient  electrons  to  neutralize  its 
charge.  These  neutralized  ions     become  the  products  of 
electrolysis  .  Within  the  solution  the  total  current  equals 
the  sum  of  the  charges  carried  in  both  directions  by  the 
^  streams  of  ions  . 

.qectro-Ciiemical  Equivalents  .  Faraday,  about  1837, 
discovered  the  laws  of  electrolysis  which  bear  his  name 
(12)  .  These  laws  are  variously  stated  (14),  but  in  term* 
of  the  electron  may  be  expressed  as  follows  (10): 

1.  The  quantity  of  any  ion  liberated  from  a  solution 
as  the  product  of  electrolysis  is  proportional  to  the  num- 
ber of  electrons  (and  protons)  which  have  traversed  the 
solutio. 

2.  The  quantities  of  different  elements  liberated  by 
■  passage  of  the  same  number  of  electrons  and  protons  are 

the  ratio  of  the  atomic  weights  of  those  elements 
divided  by  the  nuzber  of  electrons  added  to  or  removed  from 
each  atom  in  the  process  of  disassociation,  that  is,  atomic 
weight  divided  by  valence  . 

The  Eaas  of  any  element  transferred  and  deposited,  or 


liberated  in  the  ease  of  certain  gases,  by  one  coulomb 
(6.285  x  1018  electrons)  is  called  the  electro-chemical 
equivalent  of  that  element  (8)  (9)  .  Thus,  by  many  careful 
measurebients,  the  amount  of  copper  transferred  in  a  solu- 
tion of  copper  sulphate  is  0.0003294  gram  per  coulomb, 
while  0 .001118  gram  of  silver  is  transferred  in  a  solution 
of  silver  nitrate.  This  last  fact  forms  the  basis  for  the 
International  Ampere,  the  practical  unit  of  current,  which 
is  defined  as  that  steady  current  which  will  deposit  silver 
at  the  rate  of  0 .001118  gram  per  second . 

I'ne  Voltaic  Cell.  The  action  of  a  voltaic  cell  (7) 
(9),  such  as  that  observed  when  a  plate  of  sine  and  one  of 
copper  are  immersed  in  sulphuric  acid,  was  early  recognized 
as  being  closely  related  to  electrolysis  (5)  (12)  .  This 
action  was  then  explained  by  assuming  that  a  potential  dif- 
ference was  established  by  contact  between  layers  of  liquid 
next  to  the  plates,  which  ruptured  the  bond  between  the 
positive  radical  ifc  and  the  negative  radical  SO4  .  While 
the  hydrogen  went  to  the  copper  plate,  collecting  in  minute 
bubbles,  the  sulphion  worked  its  way  to  the  sine  and  united 
with  it  to  form  Z11SO4 .  The  copper  thus  received  a  positive 
charge  from  the  hydrogen  and  the  sine  a  negative  charge 
from  the  sulphion.  If  the  plates  were  externally  joined  by 
a  conductor,  they  became  discharged,  the  positive  charges 


flawing  through  the  wire  frees  copper  to  sine  in  the  for»  ef 
current  110)  . 

In  terms  of  the  electron  theory  the  above  action  is 
explained  wore  completely  and  satisfactorily  (6)  .  Eany  of 
the  acid  molecules  break  up,  due  to  dlsassocistion,  whan 
the  acid  is  poured  into  the  water  to  form  the  electrolyte, 

j.ch  then  consists  of  water  molecules,  EgO;  acid  mole- 
cules, ngSQ**  positive  ions,  Hj  and  negative  ions  SO4. 
tha  copper  plate  is  placed  in  the  electrolyte  it  attracts 
the  H  ions,  itself  being  negative  with  respect  to  the  acid. 
Likewise,  the  sine,  being  positive  to  the  electrolyte,  at- 
tracts the  SO4  ions,  which  combine  with  it  to  form  Z11SO4. 
In  doing  so  each  sine  molecule  leaves  two  electrons  behind 
on  the  sine  plate,  which  thus  becomes  charged  negatively . 
These  free  electrons  flowing  through  a  connecting  wire  fro» 
sine  to  copper,  neutralise  the  positive  E  ions  attached  to 
the  copper  plate  and  liberate  them  in  the  form  of  hydrogen 
bubbles .  All  electric  batteries,  regardless  of  the  cell 
constituents,  have  been  found  to  work  on  this  same  general 
principle,  called  voltaic  action. 


The  Electromagnetic  Units 


In  addition  to  a  slight  electric  field  caused  by 
stationary  oharges  already  discussed,  a  Magnetic  field  sur- 


rounds  at  right  angles  any  conductor  carrying  charges  in 
motion.  This  phenomenon,  although  the  mechanism  of  its 
production  is  as  yet  not  fully  determined,  is  of  great  i«~ 
portanoe  .  It  not  only  provides  a  method  whereby  electrical 
forces  may  be  converted  into  mechanical  forces,  as  in  the 
motor,  and  thereby  establishes  a  background  for  a  number  of 
laws  and  rules  of  high  value,  but  it  also  forms  the  basis 
oJ  the  absolute  system  of  electromagnetic  units  .  The  funda 
meatal  unit  of  this  system  is  the  abampere  (9)  (15)  . 

The  Abaatpere.  A  circular  loop  of  wire,  carrying  a 
current  of  electrons  in  the  direction  shown  by  the  arrows 
Figure  13,  will  set  up  a  magnetic  field  waicn  at  the 


Figure  13 
center  is  perpendicular  to  the  plane  of  the  loop  and  di- 
rected as  indicated  by  the  compass.  If  the  radius  of  the 


loop  is  one  centimeter,  the  current  is  one  abarapere  when 
a  force  of  one  dyne  is  exerted  on  a  unit  magnetic  pole  at 
the  center  for  each  centimeter  of  wire  in  the  loop. 

The  Ab coulomb  .  The  abampere  is  a  large  unit,  3  x  1010 
tines  the  size  of  the  electrostatic  unit  of  current,  or 
G  J285  x  1019  electrons  per  second.  This  unit  current  i» 
equivalent  to  one  abcouloab  per  second,  that  is,  the  uiit 
of  quantity  of  electricity,  the  abcouloab,  or  6.285  x  1019 
electrons,  is  the  quantity  carried  past  any  given  point  in 
a  conductor  in  one  second  by  a  current  of  one  abampere  • 

The  ampere,  the  practical  unit  of  ourrent,  is  1/10  of 
the  abampere.  Then  the  current  is  one   ampere  for  each  cou- 
lomb, or  o  .285  x  1018  electrons  per  second  flowing  in  a 
conductor  . 

The  Abvolt  .  Woan  a  quantity  of  electrons  is  trans- 
ferred in  a  circuit  from  a  point  of  lo»?er  potential  to  a 
point  of  higher  potential,  they  must  pass  through  soae 
source  of  electromotive  force,  sue::.  a3  a  battery  or  gener- 
ator .  Uork  is  done  upon  them  by  the  source  and  they  ac- 
quire potential  energy .  In  other  parts  of  the  circuit 
they  may  suffer  a  fall  of  potential,  do  work  and  lose  po- 
tential energy .  If  this  occurs  in  a  simple  resistance  cir- 
cuit, the  energy  reappears  as  heat;  in  a  motor  it  is 
changed  to  magnetic  or  mechanical  energy;  in  an  electro- 


lytic  cell  to  chemical  energy. 

One  electromagnetic  unit  of  potential  difference,  the 

abvolt,  exists  between  two  points  when  the  equivalent  of 

one  erg  of  work  has  been  done  in  carrying  one  abcoulomb, 

or  6.285  x  1019  electrons,  from  one  point  to  the  other. 

1 

The  abvolt  is  equal  to  7-  statvolts,  which 

3  x  1010 
makes  it  a  very  small  unit,  so  small  that  the  practical 

unit,  the  volt,  is  108  times  as  large. 

liec*£ic  ?£e?£Z  •  If  tlie  potential  difference  between 
two  points  is  E,  the  work  1  done  on,  or  by,  the  quantity  Q 
in  moving  between  the  points  is  W  =  QE  (10)  .  But  Q  ■  It, 
where  I  is  the  current  and  t  is  the  time  in  seconds  re- 
quired for  the  transfer.  Then  W  ■  ItE,  and  the  energy 

I 
change  per  second  is  -  =  IE .  That  is,  the  energy  lost  or 

t 
gained  each  second  in  any  part  of  a  circuit  is  the  product 

of  the  current  strength  by  the  change  of  potential  In  that 
part .  This  energy  will  be  in  ergs  per  second  if  the  po- 
tential difference  is  measured  in  abvolts  and  the  current 
in  abamperes  .  If  the  current  is  in  amperes  and  the  poten- 
tial difference  is  in  volts,  the  energy  will  be  given  in 
joules  (107  ergs)  per  second,  or  watts.  This  is  a  power 
unit  and  since  by  Ohm's  law  I  ■  E/R,  then  power  (watts) 

e  i2R. 

Comparison  of  Electrical  Units  .  Although  the  units 


of  both  the  electrostatic  and  electromagnetic  systems  are 
baaed  on  the  saae  mechanical  principlea  and  concepts,  they 
differ  considerably  in  magnitude  because  the  two  system* 
are  based  on  a  different  set  of  electrical  characteristics 
(7)  .  Also,  because  many  of  the  units  are  either  too  large 
or  too  small  for  convenience  in  measurement  and  calcula- 
tion, the  practical  aystem  was  developed  for  general  use 
(6)  (8).  A  comparison  of  the  numerical  relations  of  the 
more  common  electrical  units  Is  shown  in  Table  III . 


tude 


Quantity 

Current 

Potential 

Resistance 

Capacity 


TABLE  III 
Electrical  Units 


Practical  Units 


Coulomb 
6,286  x  1018 
electrons 

Ampere 
6.285  x  1018 
electrons /sec 

Jolt 
10°  ergs 


Farad 


E .  S  .  Units 


Stat coulomb 
3  x  10-9 
coulombs 

Statampere 
3  x  10~» 

amperes 

Stat volt 
300  volts 


Stat ohm 
1011  « 


9  x 


Statfarad 
9  x  1011  farads 


E.  IS.  Units 


Abcoulomb 
10  coulombs 


Abaci  pere 
10  amperes 


Abvolt 
10"6  volts 

Abohm 
10~9 


Abfarad 
10~"9  farads 


Electromagnetic  Induction 


Faraday's  Discovery.     Faraday  found   (4)    (12),   about 


1831,  that  if  the  number  of  lines  of  magnetic  force  pass- 
ing through  a  olosed  circuit  is  increased  or  decreased,  an 
electromotive  force  will  be  aet  up  in  the  circuit  and  an 
induced  current  will  flow  (S)(7) (9) (14)(15)  . 

This  curious  and  surprising  effect  later  proved  to  be 
very  important,  since  it  involves  not  only  the  conversion 
of  energy  from  the  mechanical  form  to  the  electrical  and 
back  again,  typical  in  the  generator  and  the  motor,  but 
also  the  transfer  of  energy  from  one  circuit  to  another,  as 
found  in  transformers,  induction  colls,  and  other  devices  . 
But  neither  Faraday,  his  contemporaries,  nor  anyone  since 
that  time,  baa  offered  a  valid  explanation  of  the  mechan- 
ism by  which  it  is  accomplished  (10)  . 

One  suggestion  offered  (8),  without  experimental 
proof  and  inadequate  in  certain  cases,  is  as  follows.  The 
energy  necessary  to  make  an  electron  move  by  this  process 
is  stored  in  its  magnetic  field  when  the  electron  is  accel- 
erated and  the  effect  of  this  energy  on  nearby  electroaa 
is  to  accelerate  them  in  the  opposite  direction  (5).  When 
electrons  are  stopped,  energy  is  applied  in  the  opposite 
sense  and  the  acceleration  of  nearby  electrons  is  reversed. 
This  is  in  accord  with  the  law  of  the  conservation  of 
energy  and  with  Newton's  third  law  of  motion,  but  it  seems 
that  detailed  explanation  of  phenomena  involved  must  await 


further  knowledge  concerning  magnetic  fields 


Thermoelectri  city 


The  Seebeck  Effect .  Seebeck  discovered  (12)  that  a 
current  f  lowe  through  a  circuit  formed  of  two  different 
metals  when  the  junction  points  are  at  different  tempera- 
tures (5)  .  This  is  an  example  of  heat  energy  being  trans- 
formed into  electrical  energy.  In  the  case  of  a  copper- 
iroa  couple  the  ourrent  at  the  hot  junction  flows  from  the 
copper  to  the  iron  (classical  direction)  . 

The  Peltier  Effect .  The  reverse  phenomenon,  that  a 
cooling  or  heating  occurs  at  the  junctions  of  dissimilar 
metals  when  electric  current  passes  through  them,  was  dis- 
covered by  Peltier.  Thus  at  a  copper-iron  Junction  heat  is 
absorbed  when  current  passes  from  copper  to  iron  and  heat 
is  thrown  off  when  current  passes  from  iron  to  copper . 
These  thermal  effects  are  proportional  to  the  quantity  of 
electricity  flowing  .  Where  the  heat  is  absorbed,  heat 
energy  is  being  transformed  into  electrical  energy  and  the 
current  is  Bade  to  flow  from  a  lower  to  a  higher  potential. 
Where  heat  is  liberated,  current  flows  from  a  higher  to  a 
lower  potential  and  the  reverse  transformation  occurs  . 
These  effects  are  due  to  electromotive  forces  at  the  points 
of  junction  of  the  two  metals  . 


The  Thompson  Effect  ♦  Sir  i  111 am  Thompson  found  that 
when  a  single  conductor  is  hot  at  one  point  and  cold  at  an- 
other, an  electromotive  foroe  may  exist  between  the  points 
which  is  opposite  in  direction  in  different  metals  .  This 
results,  in  a  copper-iron  couple,  in  current  being  driven 
from  the  cold  end  of  the  copper  wire  to  the  hot  and  absorb- 
ing energy,  and  from  the  hot  end  to  the  cold  end  of  the 
iron  wire,  again  absorbing  energy  .  Since  all  the  condi- 
tions necessary  to  the  Peltier  and  Thompson  effeots  are 
present  when  a  thermocouple  is  In  use,  it  is  obvious  that 
the  algebraic  sum  of  these  two  effects  is  responsible  for 
the  total  electromotive  force  of  the  couple,  the  Seebeck 
effect  . 

Temperature  of  Inversion .  The  total  thermoelectro- 
motlve  force  is,  in  general,  proportional  to  the  absolute 
temperature  differences  of  the  junctions  of  the  two  metals, 
but  is  not  constant ,  If  this  temperature  difference  is 
made  greater  and  greater,  the  potential  difference  de- 
creases, becomes  sero,  and  finally  reverses  in  sign  (6)  . 
These  relations  for  a  copper-iron  couple  are  shown  in 
Figure  14.  3hen  one  Junction  is  kept  at  0°  C .  and  the  tem- 
perature of  the  other  is  raised,  the  potential  difference 
Increases,  but  at  a  decreasing  rate,  until  it  reaches  275* 
C,  which  is  called  the  neutral  temperature  (5).  Beyond 
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Figure  14 
this  point  the  electromotive  force  decreases  and  reaches 
zero  value  at  550°  C .,  the  temperature  of  inversion.  The 
electromotive  force  is  reversed  at  still  higher  tempera- 
tures and  current  flows  from  the  iron  to  the  copper  at  the 
hot  Junction  (14)  . 

Thermoelectric  Poaer .  The  variation  of  the  thermo- 
electromotive  force  per  degree  Centigrade  is  called  the 
thermoelectric  power  of  the  couple  .  The  various  metals  may- 
be arranged  in  a  thermoelectric  series,  taking  one  metal, 
usually  lead,  as  a  reference  standard  and  giving  the  thermo- 
electric powers  of  the  other  metals  with  respect  to  this  . 
Such  a  table  is  here  given.  In  order  to  obtain  the  thermo- 
electric power  between  any  two  metals  of  this  series,  their 
electromotive  force  values  in  microvolts  must  be  sub- 
tracted .  Under  moderate  heat  the  current  flows  through  the 
heated  Junction  of  any  pair  of  these  metals  from  the  one 
appearing  first  in  the  series  to  the  one  appearing  later . 


TABLF  IV 

Thermoelectric  Powers  in  Microvolts  per  Degree 
at  an  Average  temperature  of  20°  C. 


Substance 


Microvolts 


Substance 


"icrovolts 


Bismuth  -89 

Cobalt  -22 

German  sliver  -12 

Lead  0 

Silver  -5 


Zinc 

Copper 

Iron 

Antimony 

Selenium 


+3.7 

+3.8 

-17.5 

-24.0 

-807.0 


Electron  Explanation.  Explanation  of  thermoelectro- 
motive  force  in  terms  of  the  electron  theory  is  made  on  the 
assumption  that  the  electrons  per  unit  volume  in  one  con- 
ductor are  greater  than  in  the  other  (5)  .  Then  the  elec- 
tronic pressure,  which  varies  with  temperature,  is  greater 
in  the  first  than  in  the  second  so  that  when  the  two  are 
brought  into  contact,  a  current  ylll  flow  due  to  the  pres- 
sure .  It  should  be  kept  In  mind  that  this  electron  drift, 
or  current,  is  in  a  direction  opposite  to  the  classical 
direction  of  current  flow,  as  set  forth  in  preceding  para- 
graphs . 

CONCLUSIOM 


Classical  theories  on  electricity  and  magnetism  were 
based  to  a  great  extent  on  philosophical  conjecture,  un- 
supported by  experiment .  They  served  in  most  cases  to  ac- 


count  for  the  facts  then  known,  but  were  found  to  fail  in 
many  respects  as  experimental  evidence  came  in  and  fro» 
time  to  time  required  change  .  These  theories  were  many  and 
varied.  There  was  no  single  basis  of  broad  interpretation. 

Today,  only  the  electron  theory  is  acceptable  .  In 
higher  physics  no  otner  is  used.  Although  still  Incomplete 

a  few  points.  It  checks  with  experiment  as  far  as  ii 
goes  and  furnishes  the  most  complete  and  satisfactory  ex- 
planation ever  formulated. 

It  would  seem  advisable,  therefore,  to  use  only  this 
theory  In  elementary  physics  .  It  is  the  writer's  conclu- 
sion that  the  authors  of  textbooks  and  other  literature 
should  abandon  the  old  theories  as  far  as  possible  as  being 
outgrown  and  inadequate,  and  base  all  experiments,  units, 
rules,  and  discussions  exclusively  on  modern  theory,  simply 
and  plainly  stated  . 

It  Is  believed  this  procedure  *ould  simplify  the  sub- 
ject natter,  create  a  feeling  of  confidence  in  the  accuracy 
and  completeness  of  the  treatment,  and  integrate  thinking 
on  the  part  of  both  teacher  and  student  . 
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